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We present the results of a search for associated production of the chargino and neutralino super- 
symmetric particles using up to 1.1 fb _1 of integrated luminosity collected by the CDF II experiment 
at the Tevatron pp collider at a center-of-mass energy of 1.96 TeV. The search is conducted by ana- 
lyzing events with a large transverse momentum imbalance and either three charged leptons or two 
charged leptons of the same electric charge. The numbers of observed events are found to be con- 
sistent with standard model expectations. Upper limits on the production cross section are derived 
in different theoretical models. In one of these models a lower limit on the mass of the chargino is 
set at 129 GeV/c 2 at the 95% confidence level. 
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Supersymmetry (SUSY) [1] is one of the most appeal- 
ing and most studied theories for physics beyond the 
standard model (SM). SUSY predicts the existence of 
a super-partner particle (sparticle) for each SM parti- 
cle, sharing the same quantum numbers but differing by 
half a unit of spin. SUSY addresses several problems of 
the SM: it can solve the "hierarchy problem" Q (allow- 
ing the electroweak force and the gravitational force to 
coexist naturally), it can provide a good candidate for 
the cold dark matter in the universe Q and it makes 
possible a unification of the fundamental forces at high 
energies Q . Since no SUSY particles have been observed 
so far their masses must be much higher than those of 
their SM partners, and thus supersymmetry, if it exists, 
must be a broken symmetry. 

A natural solution to the hierarchy problem and the 
prospect of gauge coupling unification suggest that spar- 
ticle masses are near the electroweak scale and thus may 
be observable at the Tevatron pp collider. We present 
a search for the associated production of the lightest 
chargino xf an d the second-to-lightest neutralino yQi 
which are mass eigenstates of the super-partners of the 
electroweak gauge and Higgs bosons. 

Chargino- neutralino production, pp — > xtx® + Y, is 
one of the most interesting SUSY processes at the Teva- 
tron in models in which the gauginos are light. This 
process can be detected through the observation of iso- 
lated charged leptons [H and a large imbalance in the 
transverse energy ($! T ) from the decays xf — ► l^vXi 
and x§ — * i + t~x\i where I — e,[i,r and Xi 1S the light- 
est SUSY particle, which is assumed to be stable and 
to escape detection. This signature has the experimen- 
tal advantage that at hadron colliders leptons are rela- 
tively rare compared to the copiously produced jets, they 
are well identifiable, and the SM backgrounds are rather 
small as they arise primarily from electroweak processes. 
We use three benchmark models based on the minimal 
supersymmetric standard model (MSSM) to interpret the 
data. The models differ mostly in the leptonic branching 
ratios of the xt and X2 an d m the kinematic properties 
of the leptons. 

Previous searches at LEP excluded chargino masses 
below 103.5 GeV/c 2 @ and masses of the lightest neu- 
tralino Xi below 50.3 GeV/c 2 7] at the 95% confidence 
level (CL). These constraints are very robust and do not 
change much within minimal supergravity-inspired SUSY 
models. The DO collaboration recently constrained the 
lightest chargino mass to be larger than 117 GeV/c 2 at 



95% CL in a specific scenario @- 

This letter summarizes and interprets the results from 
seven individual search channels with different lepton fla- 
vors and kinematic properties in the final state. The 
analyses use pp collision data taken by the CDF II de- 
tector at the Tevatron accelerator with a center-of-mass 
energy of y/s = 1.96 TeV. The data, collected between 
March 2002 and February 2006, correspond to an inte- 
grated luminosity between 0.7 and 1.1 fb , depending 
on the decay signature. 

The CDF II detector is cylindrically symmetric 
around the beam-pipe in which the protons and anti- 
protons collide [B| . The transverse momentum of charged 
particles, pr, is measured by a trackingjsystem composed 
of an eight-layer silicon strip detector [l0( and a 96-layer 
drift chamber ll| ; both are located inside a solenoid pro- 
viding a magnetic field of 1.4 T aligned along the beam 
axis. The tracking efficiency is nearly 100% in the "cen- 
tral" region (\rj\ < 1) and decreases towards higher rj. 

1311 sur- 



Electromagnetic and hadronic calorimeters T3, 
rounding the solenoid measure the energies of particles 
up to \r)\ < 3.6. Wire chambers and scintillators are in- 
stalled around the hadronic calorimeter to detect muons 
with 
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77 1 < 1.4. Gas Cherenkov counters [1J| measure 
the average number of pp inelastic collisions per bunch 
crossing and thereby determine the beam luminosity. 

We now outline the seven individual analyses that are 
then combined to achieve maximum sensitivity. The like- 
sign (LS) analyses (e ± e ± , e ± ^ ± , n ± [i ± ) [H[ require two 
leptons of the same electric charge and do not require 
the detection of a third lepton. In the trilepton analyses, 
the third lepton candidate can either be a fully recon- 
structed electron or muon (ell [lj|, (j££ (l6| . [l3|, 
I = e, p) or a "track" from a charged particle (eet). The 
eet analysis gains acceptance in detector areas where the 
electron/muon detection is less efficient, and adds sensi- 
tivity to hadronic decays of r-leptons. The LS, ell and 
nil analyses trigger on a single high pr lepton while the 
\i\xl and eet analyses use dilepton triggers with lower lep- 
ton pt thresholds. There is some overlap between the 
individual analyses which is taken into account for the 
combination: it is up to 30% between some of the anal- 
yses as explained later in this letter. 

The dominant SM background sources are dibo- 
son production with three or more prompt leptons 
(WZ/j*, ZZji") and Drell-Yan (DY) events in which 
the third lepton results either from the conversion of 
a bremsstrahlung photon (Z/j* + 7, with 7 — > e + e _ ) 
or from a misidentified hadron. With Z/j* we denote 
the production of a Z or a virtual photon. For the LS 
analyses IU7 production with a photon conversion is also 
a significant background. Smaller background contribu- 
tions arise from heavy flavor production (tt and bb) with 
scmilcptonic b- and c-hadron decays. All these back- 
ground sources are modeled using several Monte Carlo 
(MC) event generators. Backgrounds from tt, ZZ and 
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DY production are generated using pythia [18J. The 
JU7 and WZ/j* backgrounds are generated using for 
the hard-scattering process a program by U. Baur and 
E. L. Berger [lj| and MADEVENT [2(J, respectively. In 
all cases pythia is used for the parton showering and 
hadronization and the parton distribution functions are 
parameterized using CTEQ5 [2l[ . All MC events are sub- 
sequently passed through the CDF II detector simulation 
based on the GEANT3 |22j framework. The simulated 



events are then reconstructed and analyzed in the same 
way as the data. The bb background was determined us- 
ing a combination of MC and data estimates 17| and is 
negligible in most of the analyses. 

An additional background source is hadrons that are 
misidentified as a lepton ("mis-id"). We determine the 
misidentification probability in jet data samples as a 
function of the lepton pt or Et using jets and tracks 
and applied to the two leptons (one lepton) data sample 
for the trileptons (LS) analyses fl5L [la|. 

In the LS, ett and [lit analyses, events are triggered 
on one well-identified central electron with Et > 18 GeV 
or muon with pt > 18 GeV/c. In the eet (/x/x£) analy- 
sis events are triggered on two central electrons (muons) 
with E T > 4 GeV (p T > 4 GeV/c). We select addi- 
tional electrons in the central and the forward calorime- 
ters. Electrons are required to have a shower shape con- 
sistent with that expected for an electron and to have a 
track matched to the calorimeter cluster. Muons are re- 
quired to deposit an amount of energy in the calorimeter 
consistent with the expectation for a minimum ionizing 
particle; additionally, trigger muons must have associ- 
ated hits in the muon detectors. Dedicated algorithms 
reject photon conversions and cosmic rays [lij]- We re- 
quire all leptons to be isolated from other particles in the 
event. For the electrons and muons in the ell, /i££, eet 
and analyses the isolation requirement is based only 
on the calorimeter energy deposits. For the track of the 
eet analysis it is based only on charged tracks, and for 
electrons and muons in the LS analyses it is based on 
both. 

We exclude events in which two leptons form an invari- 
ant mass m« < 15 GeV/c 2 or 76 < m« < 106 GeV/c 2 
in order to remove DY and diboson events. The lower 
mass threshold additionally removes bb background. For 
the ell (LS) analysis the lower mass value is raised to 20 
(25) GeV/c 2 to improve the sensitivity. For the LS anal- 
ysis the mass interval near the Z resonance is changed to 
66 < mu < 116 GeV/c 2 . Backgrounds from DY produc- 
tion are further reduced by requiring $ T > 15 GeV (for 
the eet analysis the requirement is $ T > 20 GeV). The 
ti background is reduced by vetoing events with large 
hadronic jet activity. Requirements on the angles be- 
tween the leptons and $ T are placed in order to reduce 
the cosmic-ray background. A detailed descri ptio n of the 
selection requirements is given elsewhere IH 16, 17 1. 

To illustrate the model sensitivity of the search we use 



three example SUSY models. The first model is the sce- 
nario of minimal supergravity (mSUGRA) (23j . a grand 
unified theory including gravity which has five indepen- 
dent parameters, fully determining all the masses and 
couplings of the SUSY particles. Since the present anal- 
ysis is most sensitive to the common gaugino mass m 1 / 2 , 
we fix the other four parameters: the common scalar 
mass is set to too = 60 GeV/c 2 , the higgsino mixing pa- 
rameter (p) is taken to be positive, the trilinear coupling 
(Aq) is set to 0, and the ratio of the vacuum expecta- 
tion values of the two Higgs fields (tan/?) is set to 3. In 
mSUGRA the lightest slepton is a SUSY partner of the 
t leading to a larger branching ratio to r-leptons: about 
90% of the events contain at least one r-lepton. The 
second model we call "MSSM (W/Z model)" : all the pa- 
rameters are taken to be the same as in the above model, 
but the branching ratio of xfCx^) leptons is fixed to 
be the same as the branching ratio of the W(Z) gauge 
boson into leptons. In the third model, the "MSSM (no 
^-mixing)" , the slepton chirality eigenstates are the mass 
eigenstates, resulting in nearly equal branching ratios of 
X1X2 1,0 all three lepton flavors. In this model about 30% 
of the events contain no r-leptons. For all three scenar- 
ios the relationship between the masses of the gauginos 

The slepton mass value is ap- 



is TO-± £S TO^O 
Xi A-2 



2to^o. 

Al 



proximately 0.31 • to~± + 67 GeV/c . 
ai 

For the first and second models, the most stringent 
constraint on the chargino mass to date is the LEP limit 
of 103.5 GeV/c 2 while for the third model the most strin- 
gent limit is 117 GeV/c 2 as obtained by the DO collabo- 
ration Q. 

For the signal simulation we use SOFTSUSY [24] and 
ISAJET [25j to compute the sparticle mass spectrum; 
pythia is used to generate the hard-scattering events, 
the parton radiation, and the hadronization. CTEQ5 is 
used for the parton distribution functions. The CDF II 
detector's response to these events is then simulated. 



X 



The signal acceptance for the process pp — * \\ X2 + 
lllvxlxl + X, (I 



mixing) scenario varies from 2.7% at m~± 

Xi 



e,/i, r), in the MSSM (no l- 
105 GeV/c 2 , 

where only the LS analysis is sensitive, to 6.2% at 
to~± w 160 GeV/c 2 , where the acceptance of the trilep- 

Al 

ton analyses is maximal. The acceptance in the MSSM 
(W/Z model) rises from 3.0% at low m~± to 4.0% at 
m ± ~ 150 GeV/c 2 . The acceptance for mSUGRA is 

Al 

only 1.0%, independent of to-±, due to the enhanced 

decay of jctx® m t° T-leptons. For all models, the ac- 
ceptance of the LS analyses is nearly independent of the 
chargino mass while the acceptance of the trilepton anal- 
yses improves with increasing chargino mass. 

There are systematic uncertainties on both the sig- 
nal acceptance and the background prediction that have 
been evaluated by many comparisons of data and sim- 
ulation 15, [3, 12 1 . The signal acceptance has an un- 
certainty due to the lepton selection (1.5% — 13%) and 
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trigger (< 0.5%) efficiencies, the modeling of QCD radia- 
tion (2% — 12%), the parton distribution functions (1%), 
the integrated luminosity (6%), and the jet energy mea- 
surement (1% — 5%). The background is also affected by 
the lepton- and jet-related uncertainties and the luminos- 
ity uncertainty. Additionally, we consider uncertainties 
on the lepton misidentification rate (50% for the trilep- 
ton and 10% — 20% for the LS analysis), the conversion 
background (3% — 16%) and the theoretical cross sections 
(7% for diboson, 10% for tt and 5% for DY production). 
Finally, the statistical uncertainties on the Monte Carlo 
samples are taken into account. 

In Table HI the number of observed events is compared 
to the background contributions for each analysis. The 
number of data events is consistent with the background 
expectation in all analyses and no evidence of non-SM 
physics is observed. There is a slight excess of the data 
in the e ± /i ± and eet analyses. Figure [T] shows the $ T 
distribution for the eet analysis. The observed data agree 
well with SM predictions at low values of $J T where the 
background is dominant. 



Table I: The numbers of expected and observed events for 
each analysis before events which are shared by more than 
one analysis are assigned to a single analysis. For the eet 
analysis the background from misidentified jets is included in 
the Z/"/* + 7 background estimate of this analysis.. 



Search for % % + -> eet+X 





e ± e ± 


eV 


A t± A t± 


ell 




eet 




zh* ± 7 


0.49 


0.62 




0.18 


0.30 


0.54 


0.06 


Wj 


1.54 


1.63 












tt + bb 


0.01 


0.03 


0.01 


0.04 


0.03 


0.22 


0.06 


WW, wz, zz 


0.32 


0.82 


0.53 


0.39 


0.66 


0.21 


0.09 


mis-id. 


0.60 


0.90 


0.38 


0.14 


0.27 




0.20 


total 


2.96 


4.00 


0.92 


0.75 


1.26 


0.97 


0.41 


uncertainty 


±0.48 


±0.57 


±0.12 


±0.36 


±0.27 


±0.28 


±0.11 


observed 


4 


8 


1 





1 


3 


1 



The data can be used to constrain the cross section 
times branching ratio, a x B, and the allowed mass range 
of charginos for the SUSY scenarios discussed earlier. 

The first step in combining the results of the seven 
analyses is to remove overlaps: events which are selected 
by more than one analysis are assigned to the chan- 
nel with the highest a priori signal-to-background ra- 
tio to obtain the best sensitivity. The frequentist-based 
"CL S " method [26|,[27j is then used on the resulting non- 
overlapping analyses. The correlations between the sys- 
tematic uncertainties of the individual analyses have been 
evaluated for both the signal and the background and are 
taken into account in the limit calculation. 

A mass limit for the chargino is derived from the cross 
section limit by comparing the observed limit to the next- 
to-leading order calculation for the cross section [2{| . An 
uncertainty of 10% on the signal theoretical cross section 



> 
O 

*■» 
c 

> 



CD 
-Q 

£ 

3 




10 20 30 40 50 60 70 80 

Missing Transverse Energy (GeV) 

Figure 1: Missing transverse energy distribution for the eet 
analysis after all the selection criteria are applied except for 
the cut $ T > 20 GeV. The observed data (points) are com- 
pared to the sum of the SM contributions (stacked, filled his- 
tograms). The open histogram shows the expected SUSY 
contribution for the mSUGRA scenario described in the text 
with m_± = 113 GeV/c 2 and a x B = 0.6 pb. 



is included in the limit calculation [29j . 

Figure [5] shows the 95% CL upper limit on the cxKas 
a function of the chargino mass in the three theoretical 
scenarios mSUGRA, MSSM (W/Z model), and MSSM 
(no ^-mixing). In each scenario the observed and the 
expected limits are compared with the theoretical a x 
B predictions. The expected limit is defined to be the 
median limit one would obtain in a sample of independent 
experiments in which no signal is present. It is used to 
estimate the a priori sensitivity of the search since it does 
not depend on the observed data. The observed limit is 
typically a factor of two larger than the expected, due to 
the fact that the number of events observed is higher than 
the predicted background in the eet and e ± /i ± analyses. 

In the mSUGRA scenario (Fig. [2b,) a x B > 1 pb is ex- 
cluded for all m -± . The limit improves with increasing 
mass down to 0.8 pb at m-± 



150GeV/c 2 . In the MSSM 

W/Z model and no i'-mixing scenarios (Fig. ^Bp and c) 
the limits on a x B range between 0.2 and 0.4 pb. In the 
MSSM (no /-mixing) scenario (Fig. [2b) we set a 95% CL 
lower limit on the chargino mass of 129 GeV/c 2 , which 
is the most stringent limit to date. In the mSUGRA 
and MSSM (no ^-mixing) scenarios the expected chargino 
mass limits are 122 GeV/c 2 and 157 GeV/c 2 , respec- 
tively. 
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— 95% CL upper limit: observed 
95% CL upper limit: expected 
I with la and 2o uncertainty 
=: °nlo x ^ w * tn ^° uncertainty 




100 110 120 130 140 150 
Xi mass (GeV/c 2 ) 



Figure 2: Cross section times branching ratio for pp — * 
+ X — > £££ + X production as function of the chargino 
mass. Shown are the observed and expected experimental up- 
per limits together with the theoretical cross section for the 
mSUGRA (a), the MSSM (W/Z model) (b), and the MSSM 
(no ^-mixing) (c) scenario as described in the text. Also shown 
are the la and 2a ranges for the expected limit. 



In conclusion, we present a search for the associated 
production of charginos and neutralinos using events with 
isolated leptons and large $ T . The observed data are 
consistent with standard model predictions. Limits are 
derived on the cross section times the leptonic branch- 
ing ratio for this process and on the mass of the light- 
est chargino under different theoretical assumptions. In 
the MSSM (no ^-mixing) scenario, chargino masses be- 
low 129 GeV/c 2 are excluded at the 95% confidence level, 
extending the previous limits by 12 GeV/c 2 . 
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